Introduction
In 2012 an estimated 3.7 million people worldwide died prematurely due to the effects of ambient air particulate matter (PM) pollution (Word Health Organization, 2014) . Traffic-derived PM is currently known to make a large contribution to ambient PM, especially in urban areas, and globally it exerts an increasing burden via human disease (Lelieveld et al., 2015; Su et al., 2015) . Cohort studies in the United States and Europe have shown associations between exposure to traffic-derived PM and both cardiopulmonaryrelated diseases and cancer (Kunzli et al., 2000; Raaschou-Nielsen et al., 2011; Tonne et al., 2007; Weuve et al., 2016) . Determining biosensors that may reflect individuals' exposure to traffic-derived pollution is key to developing targeted risk-reduction strategies.
Mechanistic studies have shown that inhaled traffic-derived PM upregulates blood leukocyte oxidative stress and pro-inflammatory responses (Brook et al., 2010; Calderon-Garciduenas et al., 2008; Delfino et al., 2010) , two major pathways in the pathogenesis of cardiopulmonary-related diseases and cancer (Brook, 2008; Dominici et al., 2006; Lewtas, 2007) . Growing evidence supports a critical role of epigenetic mechanisms in these two pathways (Lepeule et al., 2014; Madrigano et al., 2011) . Histone modification is one such mechanism, inducible by oxidative stress (Chervona and Costa, 2012) and certain inflammatory mediators (Bayarsaihan, 2011) , which ultimately influences chromatin structure and gene expression (Kouzarides, 2007; Lawrence et al., 2016; Luger et al., 1997) . Thus, we hypothesize that histone modifications may serve as a molecular 'archive' of an individual's prior, traffic-derived PM exposure. In particular, modifications to histone H3 are one of the best-characterized in terms of identifying links to changes to gene expression (Henikoff and Shilatifard, 2011) . Previous evidence has identified specific histone H3 modifications after exposure to organic chemical compounds (Baccarelli and Bollati, 2009; Bollati and Baccarelli, 2010; Hou et al., 2012b; Zhang et al., 2016) and heavy metals (Arita et al., 2012a (Arita et al., , 2012b Baccarelli and Bollati, 2009; Cantone et al., 2011; Chervona et al., 2012; Ma et al., 2015; Martinez-Zamudio and Ha, 2011; Sun et al., 2009; Zhou et al., 2008) . However, few human studies have been conducted to evaluate the effects of ambienttraffic-derived PM on histoneH3 modifications.
Beijing, China is one of the most air-polluted megacities, with 66% of its population potentially exposed to high levels of traffic-derived air pollutants (Su et al., 2015) . Traffic emissions and combustion sources are major contributors to PM 10 (PM less than 10 µm in diameter) and PM 2.5 (PM less than 2.5 µm in diameter) in Beijing (Liu et al., 2015b) . In order to test our hypotheses, we measured four specific histone H3 modifications investigated in the above previous environmental studies but as yet unexplored in connection with traffic-related PM exposures: H3 lysine 9 acetylation (H3K9ac), H3 lysine 9 tri-methylation (H3K9me3), H3 lysine 27 tri-methylation (H3K27me3), and H3 lysine 36 tri-methylation (H3K36me3). We conducted our analysis using 240 blood leukocyte samples from 60 truck drivers and 60 indoor workers in Beijing.
Materials and methods

Study population and design
Our Beijing Truck Driver Air Pollution Study was conducted from June 15-July 27, 2008 and included 60 truck drivers and 60 indoor office workers. All study participants worked and lived in the Beijing metropolitan area and had held their current jobs for at least two years. The two study groups had high overall exposure levels and but different component exposures: truck drivers are highly exposed to traffic emissions, particularly from diesel exhausts and road dusts, while office workers are highly exposed to secondary oxidized traffic particles common to the residential areas of Beijing. Both groups were matched on sex, smoking status, education, and age ( ± 5 years). We collected information on demographics, lifestyle, and other exposures through in-person interviews using a detailed questionnaire. All participants provided written informed consent prior to study enrollment, and Institutional Review Boards at each participating institution approved the study protocol.
PM exposure data
Hourly monitored ambient PM 10 data during the study period were obtained via the Beijing Municipal Environmental Bureau from 27 monitoring stations representatively distributed across the Beijing area. We calculated a 24 h average for each examination day as well as a moving average of ambient PM 10 measured 14 days prior to each examination.
Measurements of personal PM 2.5 and black carbon (BC) exposure have been previously described (Baccarelli et al., 2014) . Briefly, we used personal samplers worn by study participants during eight hours of work to measure average personal PM 2.5 and its constituents on two separate examination days 1-2 weeks apart. We found high reproducibility of the PM 2.5 measures (r=0.944) in replicate samples from a subset of 24 participants who wore two monitors simultaneously (Baccarelli et al., 2014) . BC is a combustion byproduct contained in PM 2.5 that has been used as a surrogate measure for PM 2.5 from gasoline-and diesel-powered motor vehicles (Kinney et al., 2000) . For BC measurement, the blackness of the same filters used to measure PM 2.5 was assessed using an EEL Model M43D smoke stain reflectometer, applying the standard black-smoke index calculations of the absorption coefficients based on reflectance (ISO, 1993) . We assumed a factor of 1.0 for converting the absorption coefficient to BC mass (Janssen et al., 2003; Kinney et al., 2000) , which was then divided by the sampled air volume to calculate average BC concentration (ISO, 1993) . Elemental components of PM 2.5 were analyzed after the gravimetric mass measurement using a XRF PANanalytical Epsilon 5 analyzer (Almelo, The Netherlands). We selected eight elements (potassium, sulfur, iron, silicon, aluminum, zinc, calcium, and titanium) that had previously shown the highest reproducibility (r > 0.75) in replicate samples from the same subset of 24 participants who wore two monitors at the same time (Baccarelli et al., 2014 ). Higher reproducibility is attributed to the higher concentration of the elemental components collected (Supplemental Table S1 ).
Blood sample collection, histone extraction, and global modification detection
We collected 12 mL of blood between 4 and 6 pm (after participants completed a full work day) to eliminate confounding due to diurnal variation. The samples were centrifuged at 2,500 rpm to separate the buffy coat within 2 h of collection. Samples were and stored at −80°C until histone extraction. Histones were acid-extracted from buffy coats according to the method reported by Shechter et al. (2007) with slight modifications. Briefly, buffy coats were washed with a red blood cell lysis solution for 10 min at room temperature to eliminate erythrocytes. Cells on the pellet were collected by centrifugation at 2,500×g for 15 min and lysed in 500 µL of Triton extraction buffer (1X PBS, 0.5% Triton [v/v] , and 2 mM phenylmethylsulfonyl fluoride) supplemented with a protease inhibitor mixture (Roche Applied Sciences, Indianapolis, IN, USA) on ice for 10 min. The pellet was collected by centrifugation at 6,500×g for 10 min at 4°C, re-suspended in 0.2 N HCl, and kept overnight at 4°C. The supernatant was collected by centrifugation at 16,000×g for 10 min at 4°C, and an equal volume of 50% trichloroacetic acid solution was added to precipitate histones. Histones were washed three times with cold acetone and centrifuged at 16,000×g for 20 min. Histones were air-dried for 20 min at room temperature and suspended in 100 μL of ddH 2 O and stored frozen at −80°C (Shechter et al., 2007) for approximately 5 months until histone modification quantitation.
Total acid soluble protein in each sample was quantified by bicinchoninic acid protein assay (Smith et al., 1985) . Histone modifications were quantified by sandwich enzyme-linked immunosorbent assay (ELISA) as previously described in Arita et al. (2012a) , with some modifications. Briefly, polystyrene 96-well microplates (Thermo Fisher Scientific, Pittsburgh, PA, USA) were coated with 100 µL of histone H3 antibody (Abcam ab16061, Cambridge, MA, USA) at a concentration of 1:20,000 in PBS and incubated overnight at 4°C. Plates were washed with PBST (1X PBS, 0.05% Tween-20) and blocked for 1.5 h at room temperature with 3% milk in PBST. After washing plates with PBST, 100 µL of standard recombinant protein for the standard curve [total H3 (Active Motif 31207), H3K9ac (Active Motif 31253), H3K9me3 (Active Motif 31213), H3K27me3 (Active Motif 31216), or H3K36me3 (Active Motif 31219); Active Motif, Carlsbad, CA, USA] and samples were added per triplicate to plates and incubated at room temperature for 1.5 h with agitation on an orbital shaker at 450 rpm (Titramax 101, Schwabach, Germany). After incubation, wells were washed three times with PBST, and 100 µL diluted primary antibody [total H3, 1:40,000 (Sigma H0164, St. Louis, MO, USA); H3K9ac, 1:500 (Active Motif 39155); H3K9me3, 1:500 (Abcam ab9050); H3K27me3, 1:1,000 (Active Motif 39155); and H3K36me3, 1:1,000 (Abcam ab9050)] in 1% PBST milk was added and incubated at room temperature for 1 h with agitation at 450 rpm. After three washes with TBST, 100 µL diluted secondary antibody (Santa Cruz Biotechnology sc-2004, Santa Cruz, CA, USA) in TBST was added to each well and incubated at room temperature for 1 h without agitation. Wells were washed four times with TBST and 100 µL of 3,3′,5,5′-tetramethylbenzidine solution (Thermo Fisher) was added to each well and incubated at room temperature for 30 min in the dark. The reaction was stopped by adding 100 µL 2 M H 2 SO 4 to each well. All assays were performed in triplicate. Optical density was read at 450 nm using an Infinite M200 PRO reader (TECAN, Männedorf, Switzerland). Relative percent histone modification was derived from standard curves specific to each histone modification, and levels normalized to total histone H3 levels. The respective within-and between-assay coefficients of variation of each assay were 5.28% and 13.37% for total histone H3, 3.49% and 11.88% for H3K9ac, 3.11% and 12.41% for H3K9me3, 6.37% and 8.13% for H3K27me3, and 5.60% and 10.57% for H3K36me3.
Statistical analysis
For bivariate analysis we employed mixed-effect models to examine differences in histone modifications by participant characteristics. We evaluated associations between ambient PM 10 , personal PM 2.5 , BC, and elemental component exposures and histone modifications using multivariable mixed-effect models that included occupation group (office workers vs. truck drivers), sex (male vs. female), age (continuous), BMI (continuous), smoking status (never vs. ever smoked), and day of the week. Number of cigarettes smoked during the examination period was moderately correlated with personal PM 2.5 (Supplemental Fig. S1 ). To account for potential contamination of personal PM monitors, we additionally adjusted for cigarettes smoked during the examination period for analyses of PM 2.5 and BC only. Due to lack of variation and deleterious effects on model convergence, we did not include education as most ( > 97%) participants reported high school education or less. To optimize power, we conducted primary analyses on the associations of exposure measures and histone modifications by fitting models to all participants combined. Office workers and truck drivers had different occupational environments and lifestyles in our study as described previously (Baccarelli et al., 2014; Hou et al., 2012a Hou et al., , 2013 and evidence suggests differential histone modification can occur in a sex-specific manner Strakovsky et al., 2014; Welstead et al., 2012) . Therefore we conducted stratified analyses by occupation group and sex, and examined potential effect modification by testing these as interaction terms with histone H3 modifications. Furthermore, all participants who reported having ever smoked in this study were male. To address this potential source of error in our sexstratified analyses, we additionally performed a sensitivity analysis to test the effect of combining a product term between each traffic-derived pollutant measure and smoking status for the male stratum. Because temperature and relative humidity could be confounders for ambient PM, we also conducted sensitivity analyses for PM 10 on examination day and 14-day average PM 10 by including temperature and dew point (daily average data, which were collected at the same locations as ambient PM 10 ) on the examination day and 14-day average, respectively. All tests were two-sided and p < 0.05 was considered statistically significant. Due to data skewness, we log-transformed our histone modification variables prior to analysis and back-transformed them for purposes of reporting our point estimates. For all linear models, we report the average percent histone modification change per one μg/m 3 increase in PM exposure. Since the variances of PM 10 on the examination day and personal PM 2.5 exposure in our sample were substantially greater than those for 14-day average PM 10 and BC exposure (SanchezGuerra et al., 2015) , we report the results of our PM 10 on the examination day and PM 2.5 models in units per 10 μg/m 3 increase and our 14-day average PM 10 and BC models in units per 1 μg/m3. For association analysis of the eight elemental components, family-wise error rates (FWER) were calculated from 1,000 permutations in a way that matches the null hypothesis. This permutation method considers dependent multiple tests by controlling FWER, the probability of having at least one false positive among a whole set of comparisons (Rempala and Yang, 2013) . All analyses were performed in SAS 9.3 (SAS Institute Inc., Cary, NC, USA).
Results
Characteristics of study participants have been described in detail previously (Baccarelli et al., 2014) . Briefly truck drivers were older, had higher BMI, and reported more cigarettes smoked during the examination period compared to office workers. We did not observe significant between-group differences in other variables such as day of the week, temperature, and humidity on the examination days. Bivariate analyses of H3K9ac, H3K9me3, H3K27me3, and H3K36me3 levels in blood revealed that only H3K27me3 was significantly associated with any participant characteristics (Table 1) . Specifically H3K27me3 was 3.3% Y. Zheng et al. Environmental Research 153 (2017) 112-119 higher in men (p=0.03) than in women, 3.0% higher in office workers than in truck drivers (p=0.04), and 3.2% higher in ever smokers compared to never smokers (p=0.03). Similar trends were observed when the same bivariate analyses were conducted within occupation and sex groups (Supplemental Table S2 ). As reported previously, office workers and truck drivers experienced similar levels of ambient PM 10 exposures whereas truck drivers had significantly higher personal levels of PM 2.5 , BC, and elemental component exposures (SanchezGuerra et al., 2015) . Our four histone H3 modifications were correlated with one another (r=0.3 to 0.8) (Supplemental Fig. S2 ) and we also observed weak correlation of histone H3 modification between two examination days (r=0.2 to 0.4) (Supplemental Fig. S3 ). Ambient 14-day average PM 10 exposures were significantly associated with H3K27me3 and H3K36me3 levels (Fig. 1A , details in Supplemental Table S3 ). In all participants combined, each μg/m 3 increase in 14-d average PM 10 levels was associated with 1.1% lower H3K27me3 (95% CI: −1.6, −0.6; p < 0.01) and 0.8% lower H3K36me3 (95% CI: −1.4, −0.1; p=0.02). We observed a similar association for H3K27me3 in office workers (β=−1.2%; 95% CI: −2.0, −0.5; p < 0.01), although the interaction between 14-d average PM 10 and occupation group was not significant (p interaction =0.31). Similarly we found that each μg/m 3 increase in personal BC exposure was associated with 5.8%
higher H3K9me3 (95% CI: 0.6, 11.4; p=0.03) in office workers, but this association likewise did not significantly differ by occupation (p interaction =0.06). However, associations between personal BC exposure and both H3K9ac and H3K36me3 were not only significant among office workers but appeared to be modified by occupation (p interaction =0.03 and 0.01, respectively). Specifically, each μg/m 3 increase in personal BC level was associated with 4.6% higher H3K9ac (95% CI: 0.9, 8.4; p=0.02) and 4.1% higher H3K36me3 (95% CI: 1.3, 7.0; p=0.01) among office workers but only 0.1% higher H3K9ac (95% CI: −1.3, 1.5; p=0.90) and 0.9% higher H3K36me3 (95% CI: −0.9, 2.7; p=0.33) among truck drivers. We further investigated whether the associations of ambient PM 10 and personal BC levels and blood histone modifications were modified by sex (Fig. 1B , details in Supplemental Table S4 ). Notably, we observed several stronger associations among women. For PM 10 exposure each 10 μg/m 3 increase in PM 10 exposure on the examination day was associated with 9.6% higher H3K9me3 (95% CI: 1.5, 18.3; p=0.03), while each 10-μg/m 3 increase in 14-day average PM 10 was associated with 10.1% higher H3K27me3 (95% CI: 2.9, 17.7; p=0.01). However, neither of these associations was significantly modified by sex (p interaction =0.18 and 0.89, respectively). In men, 14-day average PM 10 was associated with higher H3K9ac only (β=1.5%; 95% CI: 0.3, 2.6; p=0.01). This association was also not significantly modified by sex (p interaction =0.11). However we identified two associations, between examination day PM 10 exposure and H3K9ac and between BC exposure and H3K9me3, that were both stronger among women and significantly modified by sex (p interaction =0.01 and 0.03, respectively). For women each 10 μg/m 3 increase in PM 10 exposure on the examination day was associated with 10.7% higher H3K9ac (95% CI: 5.4, 16.2; p < 0.01), while for personal BC exposure each μg/m 3 increase in BC was associated with 7.5% higher H3K9me3 (95% CI: 1.2, 14.2; p=0.03). For men each 10 μg/m 3 increase in PM 10 exposure on the examination day was associated with 1.4% higher H3K9ac (95% CI: −0.9, 3.7; p=0.25), while for personal BC exposure each μg/m 3 increase in BC was associated with 2.0% lower H3K9me3 (95% CI: −4.9, 1.1; p=0.20). Neither personal PM 2.5 (Fig. 1A , details in Supplemental Table S3 ) nor elemental components were associated with any histone modifications after we adjusted for multiple testing (Supplemental Table S5 ). Our sensitivity analysis suggested that these results did not differ significantly by smoking status, and our association analysis of PM 10 was robust for meteorological adjustments when temperature and humidity were included in the models.
Discussion
To our knowledge, this is the first human subjects study that has examined the relationship between ambient traffic-derived pollutants and histone H3 modifications. After adjusting for potential confoun- standard deviations from bivariate analysis using mixed-effect regression models. d p-values were calculated using mixed-effect regression models (age, BMI, and cigarettes smoked on examination day were modeled as continuous variables).
Y. Zheng et al. Environmental Research 153 (2017) 112-119 ders we observed that ambient 14-day average PM 10 was negatively associated with blood levels of H3K27me3 and H3K36me3 in all participants. Interestingly, occupation and sex appeared to modify the associations between certain traffic-derived PM exposures and H3K9ac/me3; office workers had a stronger positive association with personal BC exposure and women had a stronger positive association with ambient PM 10 and personal BC exposures. We found no significant associations between histone H3 modifications and general levels of personal PM 2.5 or its elemental components. H3K27me3 is associated with gene inactivation and primarily maintained by histone methyltrasferases such as zeste 2 (EZH2) (Kuzmichev et al., 2002) . In a mouse macrophage cell line Miousse et al. found traffic-derived PM 10 concentration was negatively associated with the expression of EZH2 (Miousse et al., 2014) , which can consequentially lead to depleted H3K27me3 level (Vire et al., 2006) . In addition, inflammation can induce a decrease in H3K27me3 levels, a pre-mark in normal cells during carcinogenesis (Takeshima et al., 2012) . Studies have also demonstrated that air pollutants can modify immune response, which in turn increases susceptibility to pathogens and worsens pre-existing diseases (Bauer et al., 2012; Nadeau et al., 2010) . Specifically, H3K27me3 has been shown to play a role in the immune response to cancer (Huang et al., 2012) . Our study, for the first time, establishes a potential link between traffic-derived PM and H3K27me3 in humans. It is also noteworthy that we observed higher H3K27me3 level among ever-smokers, as H3K27me3 has been positively associated with tobacco smoke exposure in lung cancer cells (Hussain et al., 2009) . Our observed inverse association between PM 10 and H3K27me3 indicates that exposures to tobacco smoke and PM 10 may have distinct biologic effects on H3K27me3 due to their differences in composition. In our study, PM 10 exposure is likely derived from traffic-related particles such as fuel and petroleum rather than combustion of plant matter. A significant negative association using 14-day average PM 10 exposure rather than exposure on the examination day suggests that H3K27me3 may reflect a temporal delay between PM 10 exposure and the epigenetic response to it. This finding suggests that future studies of the epigenetic effects of PM 10 should attempt to avoid cross-sectional designs in populations whose exposure to PM could be highly variable over time, as such designs may be unable to account for delayed effects of PM 10 exposure.
H3K36me3 facilitates an open chromatin for active transcription (Barski et al., 2007) . Relationships between air pollution exposures and H3K36me3 are understudied, however recent studies suggest that this histone fulfills a tumor suppressive function. H3K36me3 facilitates DNA mismatch repair during the cell cycle, and has thus been suggested as a potential early detection biomarker and therapeutic target for cancer . Loss of H3K36me3 has also been associated with increased risk of death from renal cell (Ho et al., 2016) and liver cancers (Tamagawa et al., 2013) . Future studies should confirm H3K36me3's involvement in environmental carcinogenesis, either as a mediator or an effect modifier, and explore its use as a potential therapeutic or chemopreventive target.
Our findings regarding H3K9ac are consistent with prior studies. In mouse models, traffic-derived air pollution exposure increased global H3K9ac levels in both blood and lung tissues (Ding et al., 2016) , indicating that H3K9ac measured in blood could be used as a surrogate tissue. Cumulative exposure to inhaled nickel, arsenic, and iron have also identified associations with increased H3K9ac (Cantone et al., 2011) . Moreover, H3K9ac mediates the effects of inhaled PM on blood coagulation (Cantone et al., 2014) suggesting that it may serve as a marker of air pollution-related cardiovascular outcomes, and if confirmed would provide public health officials and researchers with a useful exposure measurement and/or risk assessment tool. Conversely, we found no similar studies explaining a link between ambient air pollution exposure and H3K9me3. However, chromate exposure in human lung A549 cells has been shown to increase the global levels of H3K9me3 (Sun et al., 2009 ) and it was suggested that this has a strong influence on regional mutation-rate variation in human cancers (Schuster-Bockler and Lehner, 2012). Since H3K9ac activates genes Fig. 1 . Histone H3 modification changes associated with ambient PM 10 and personal BC exposures. A: analyses stratified by occupation group. B: analyses stratified by sex. For PM 10 on the examination day and PM 2.5 , % change was expressed per one-unit increase in exposure. For 14-day moving average PM 10 and BC, % change was expressed per 10-unit increase in exposure. Asterisk indicates significant associations between PM exposures (p < 0.05) and circle cross sign indicates an association that is significantly different between groups (p interaction < 0.05).
Y. Zheng et al. Environmental Research 153 (2017) 112-119 whereas H3K9me3 silences them, future research with larger sample sizes should explore the target genes of these two different modifications of H3K9. According to antibody manufacturers (http://www. histoneantibodies.com) H3K9me3 has shown slight cross-reactivity with H3K27me3 as both share a similar epitope, which may play a role in the positive correlation observed. However the histone modifications H3K9ac and H3K36me3 do not show cross-reactivity with the other histones in this study. Analyses in embryonic stem cells have suggested that the co-localization of histone modifications might be due to population averaging (Vastenhouw and Schier, 2012) , which may be also applicable to leukocyte in our study and partially explain our positive correlation.
The observed weak correlation of histone H3 modification between two examination days could be partially attributed to intrinsic temporal variability of epigenetic markers in blood leukocytes (Feil and Fraga, 2011) . In addition, latent measurement errors between the two examination days could also add noise to this variability. As a result, our findings indicate short-term changes in histone H3 modifications of blood leukocytes in response to PM exposures. However the repeated measures and mixed-effect modelling controlled the intra-individual variability, which to some extent controls for false positive findings that are due to transient changes of histone modifications coinciding with PM exposures. Further research is warranted to demonstrate whether exposure-induced changes in global histone modifications are retained after the exposure ceases.
In our study, significant associations between personal level of BC and H3K9ac and H3K9me3 were observed in office workers but not in truck drivers. One possible explanation for this observation is that epigenetic effects of exposure to traffic-derived pollutants may be subject to a 'ceiling' effect, where additional exposure at greater levels produces less marginal change in the epigenetic response to it, for instance, via biological adaptation to traffic-derived pollutant exposures (Zhong et al., 2016) . Thus, the non-significant findings in truck drivers may be driven, at least in part, by the fact that truck drivers' exposure level of BC was on average 32% higher than that in office workers across both examination days (Sanchez-Guerra et al., 2015) . Similarly, exposures to PM 10 and BC in men were on average 17% and 35% higher than those in women. Thus a similar disparity in air pollution exposure between men and women, and biological 'ceiling' effect on histone H3 modifications, may also explain our observed sex differences in associations between traffic-derived air pollutants and histone modifications. Alternatively, these findings may be reflective of biological sex differences at the molecular level, which are also worth exploring in future large studies. Additional research is needed to study these possibilities in larger populations with more diverse characteristics, particularly in terms of exposure to air pollutants.
In contrast to ambient PM 10 , we did not observe any significant associations between histone H3 modifications and personal exposure to PM 2.5 . We previously observed elevated H3K27ac patterns in individuals from a different population exposed to ambient PM 2.5 in Beijing (Liu et al., 2015a) . These inconsistent findings reveal differences between personal and citywide PM exposures. The ambient PM 2.5 measured in Liu et al.'s study would share more similarities with ambient PM 10 measured in our study, as opposed to our personal PM 2.5 measures which may not correlate well with citywide ambient measures. Moreover, we measured personal PM 2.5 for eight hours during the participants' work shifts while ambient PM 10 was calculated based on citywide daily 24-h data. Therefore, the differences in sampling times could also have contributed to the inconsistencies between the two studies.
Different composition of PM 2.5 may also have distinct biologic effects on histone H3 modifications. We did not observe any significant associations between H3 modifications and personal exposure to PM 2.5 and its elemental components after adjustment for multiple testing, however personal BC level in PM 2.5 (i.e., carbonaceous PM 2.5 ) was associated with three H3 modifications (H3K9ac, H3K9me3, and H3K36me3). These findings underscore the importance of trafficderived BC in disease etiology. Carbonaceous PM 2.5 is believed to be five times more toxic than particles such as crustal material, nitrates, and sulfates (Lelieveld et al., 2015) . Further investigation is warranted to provide insights into the histone modification-mediated physiological effects of traffic-derived air pollution.
Our study has several notable strengths. Using blood leukocytes to measure histone modifications may reflect past exposures to air pollution and enable us to study immune cells in their true context, i.e., with all cellular components represented and interacting together, and thus provide a realistic reflection of in vivo processes. Considering potential technical errors in PM measurement we conducted a technical validation of personal PM 2.5 and the eight elemental components measured so that only measurements with high reproducibility were included in our data analysis. Our personal-level measurement of PM 2.5 , BC, and elemental components also provides a more accurate reflection of individual exposures (Baccarelli et al., 2014; Ding et al., 2016; Hou et al., 2016) and allowed us to distinguish the effects of traffic-related pollutants from those of general PM 2.5 levels.
Nonetheless our study is subject to limitations. First, we prioritized our focus on PM in this study as it is a dominant air pollutant and a long-standing pollution issue in Beijing due to re-suspended dust from traffic and construction activities resulting from Beijing's rapid urbanization and motorization in recent decades (Wang et al., 2009a) . However, we cannot exclude the possibility that other components of ambient air pollution (e.g., benzo[a]pyrene) may also contribute to histone H3 modification changes (Liang et al., 2012) . Second, we utilized citywide measures of ambient PM 10 as a proxy of personal exposure to PM 10 , which potentially subjects our results to the ecological fallacy. However, serial measures of ambient particulate concentrations have been shown to be representative of variations in personal exposure (Wilson and Brauer, 2006) , particularly in the presence of high ambient PM levels (Avery et al., 2010) . Third, it is possible that the changes in blood histone modification levels were partially due to changes in white blood cell types (Miao et al., 2008; Wang et al., 2009b) . However, we previously detected associations of metal-rich PM exposures with histone modifications measured in blood leukocytes and our sensitivity analysis showed no changes in the results across subtypes (Cantone et al., 2011) . Unfortunately the current study did not include cell count data, thus we attempted to minimize potential confounding due to short-term changes in blood cell type abundancies (Holgate et al., 2003) by focusing on short-term trafficderived pollutant exposures coupled with a repeated-measures, matched study design and mixed effect modelling. In addition, we recognize that the ELISA technique for measuring global histone modifications cannot discern the amount of histone modifications at a given locus. Some of the histone modifications studied here (H3K9ac, H3K9me3, and H3K27me3) are within the N-terminal tail of histone 3, which has been reported to be clipped in some human cells (Howe and Gamble, 2015; Zhou et al., 2014) . Thus, while our approach could underestimate the amount of histone modifications measured, we would expect that this would only attenuate our observed associations.
Conclusion
Our investigation provides evidence that exposures to ambient traffic-derived PM 10 and BC are associated with histone H3 modification in human leukocytes. While the direct pathological impact of these findings is presently unclear, the observed occupation-and sex-related differences provide some scientific guidance and evidence for future air pollution studies in humans, particularly of BC exposure. Larger, prospective studies are warranted to validate the present findings and identify specific genes and pathways affected by exposure-related changes in histone modifications, as well as link these observed associations to air pollution-associated disease outcomes.
